Abstract The cyclopentenone prostaglandin (CyPG) J 2 series, including prostaglandin J 2 (PGJ 2 ), D 12 -PGJ 2 , and 15-deoxy-D 12,14 -prostaglandin J 2 (15d-PGJ 2 ), are active metabolites of PGD 2 , exerting multiple effects on neuronal function. However, the physiologic relevance of these effects remains uncertain as brain concentrations of CyPGs have not been precisely determined. In this study, we found that free PGD 2 and the J 2 series CyPGs (PGJ 2 , D 12 -PGJ 2 , and 15d-PGJ 2 ) were increased in post-ischemic rat brain as detected by UPLC-MS/MS with 15d-PGJ 2 being the most abundant CyPG. These increases were attenuated by pre-treating with the cyclooxygenase (COX) inhibitor piroxicam. Next, effects of chronic exposure to 15d-PGJ 2 were examined by treating primary neurons with 15d-PGJ 2 , CAY10410 (a 15d-PGJ 2 analog lacking the cyclopentenone ring structure), or vehicle for 24 to 96 h. Because we found that the concentration of free 15d-PGJ 2 decreased rapidly in cell culture medium, freshly prepared medium containing 15d-PGJ 2 , CAY10410, or vehicle was changed twice daily to maintain steady extracellular concentrations. Incubation with 2.5 lM 15d-PGJ 2 , but not CAY10410, increased the neuronal cell death without the induction of caspase-3 or PARP cleavage, consistent with a primarily necrotic mechanism for 15d-PGJ 2 -induced cell death which was further supported by TUNEL assay results. Ubiquitinated protein accumulation and aggregation was observed after 96 h 15d-PGJ 2 incubation, accompanied by compromised 20S proteasome activity. Unlike another proteasome inhibitor, MG132, 15d-PGJ 2 treatment did not activate autophagy or induce aggresome formation. Therefore, the cumulative cytotoxic effects of increased generation of CyPGs after stroke may contribute to delayed post-ischemic neuronal injury.
Introduction
Cyclopentenone prostaglandins (CyPGs) are non-enzymatic metabolites of prostaglandin D 2 (PGD 2 ) that covalently modify proteins via adduction of cysteine residues reported to have an array of biologic actions in various cell lines . In brain, CyPGs have been shown to have both protective (Lin et al. 2006; Pereira et al. 2006 ) and toxic effects (Rohn et al. 2001; Kondo et al. 2002; Li et al. 2004a; Musiek et al. 2006; Pierre et al. 2009 ); thus, their role in modulating neuronal injury in disease states remains controversial. Exogenous 15d-PGJ 2 reduces damage in rodent stroke models via PPARcdependent effects (Lin et al. 2006; Pereira et al. 2006) . But CyPGs may induce toxicity via PPARc-independent effects including disruption of the ubiquitin proteasome pathway, resulting in the accumulation of ubiquitinated proteins (Ubproteins) and protein aggregates in neurons (Shibata et al. 2003; Li et al. 2004b; Liu et al. 2011) . CyPGs have many well-defined actions in vitro, but whether their concentrations achieve biologic significance in vivo remains unclear (Bell-Parikh et al. 2003) .
Recent work has shown that the modification of proteins by CyPGs could result in the misfolding of target proteins, including UCH-L1 (Koharudin et al. 2010) , which may result in loss-of-function. In addition, misfolded proteins are usually prone to aggregation within the cell, which may trigger the unfolded protein response, interfering with the function of the ubiquitin-proteasome system (UPS), resulting in cell injury and death (Ding and Yin 2008; Nakamura and Lipton 2009) . It has been well documented that misfolded protein accumulation and aggregation are hallmarks of many neurodegenerative diseases including Parkinson's, Alzheimer's, and Huntington's diseases (Gispert-Sanchez and Auburger 2006; Olanow and McNaught 2006; Dohm et al. 2008; Irvine et al. 2008) . In post-ischemic brain, increased Ub-protein accumulation and aggregation has been reported by various groups (Hu et al. 2000; Hochrainer et al. 2012) . Cells exert many protective mechanisms to prevent misfolded protein accumulation and aggregation including (1) increasing molecular chaperone expression to re-fold proteins, (2) tagging the misfolded proteins with poly-ubiquitin chains (forming poly-ubiquitinated proteins) for recognition and degradation in the UPS, and (3) activating lysosome-based autophagy to clear misfolded proteins or form aggresomes to sequester toxic protein aggregates (Yao 2010 , Zhou et al. 2009 ). Even though many reports from various groups have shown that CyPGs induce cell toxicity accompanied by the accumulation of Ub-proteins (Shibata et al. 2003; Wang et al. 2006; Liu et al. 2011) , the direct effects of CyPGs on proteasome activity, autophagy, and aggresome formation in neurons remain unclear.
In this study, concentrations of free CyPGs including three J 2 -series CyPGs: 15d-PGJ 2 , PGJ 2 , and D 12 -PGJ 2 , were measured in rat brain 24 h after temporary focal ischemia via highly specific ultra performance liquid chromatography (UPLC)-MS/MS. Since CyPGs are highly reactive, the actual concentration of free CyPGs may decrease rapidly in culture medium and within the cell due to adduction of proteins and other molecules. Thus, we adopted an in vitro treatment paradigm providing twice daily changes of cell culture medium containing fresh 15d-PGJ 2 upon primary neurons. This paradigm was used to study the toxicity of 15d-PGJ 2 in vitro, the effects of 15d-PGJ 2 on proteasome activity, accumulation of ubiquitinated proteins, and the formation of protein aggregates.
Materials and Methods
Animal studies were performed in accordance with the ethical standards in the Guide for the Care and Use of Laboratory Animals and were approved by the University of Pittsburgh Institutional Animal Care and Use Committee.
Reagents and Antibodies 15d-PGJ 2 and 9,10-Dihydro-15-deoxy-D 12,14 -prostaglandin J 2 (CAY 10410) were purchased from Cayman Chemical (Ann Arbor, MI). Antibody sources were as follows: Mouse monoclonal anti-mono-and poly-ubiquitinated proteins antibody (clone FK2), and anti-poly-ubiquitinated proteins antibody (clone FK1) were from Enzo Life Sciences (Plymouth Meeting, PA). Monoclonal anti-ubiquitin antibody was from Covance (Berkeley, CA); Anti-PARP, anti-caspase-3, anti-cleaved caspase-3, and anti-LC3B antibodies were from Cell Signaling (Boston, MA); Anti-UCH-L1 antibody was from Sigma-Aldrich (St. Louis, MO); anti-NeuN antibody was from Millipore (Temecula, CA) and anti-MAP-2 antibody was from Santa Cruz Biotechnology (Santa Cruz, CA); Cy3-conjugated and Alexafluor 488-conjugated secondary antibodies were from Jackson Immunoresearch Lab (West Grove, PA). The ProteoStat aggresome detection kit was purchased from Enzo Life Sciences. UPLC organic solvents and water were from VWR (West Chester, PA). Anti-b-actin antibody and all other chemicals were from Sigma-Aldrich (St. Louis, MO). The Click-iT TUNEL Alexa Fluor image assay kit was purchased from Invitrogen (Grand Island, NY).
Middle Cerebral Artery Occlusion (MCAO)
Animal studies were approved by the University of Pittsburgh Institutional Animal Care and Use Committee following The Guide for the Care and Use of Laboratory Animals. Anesthetic induction was achieved using inhaled 4 % isoflurane in 50 % nitrous oxide, balance oxygen, and lowered to 1.5 % throughout surgery. Core body temperature was maintained at 37 ± 0.5°C through the use of a water-filled heating pad. MCAO was induced in adult male Sprague-Dawley (Charles Rivers Laboratories, Wilmington, MA) rats, 250-275 g, by making a midline incision at the trachea, retracting soft tissues and advancing a nylon suture into the MCA for a duration of 90 min as previously described (Ahmad et al. 2009 ). Animals were monitored continuously during anesthetic induction and surgery, and for 30 min. following reperfusion with daily monitoring thereafter. Lidocaine (1 %) was applied to the wound after suture removal and wound closure. One hour before MCAO, the rats were treated with vehicle (2 % methyl cellulose, n = 6) or piroxicam (30 mg/kg in vehicle, n = 6) via oral gavage. After 24-h reperfusion, rats were anesthetized with isoflurane, followed by decapitation. Core infarct and penumbral brain tissues were rapidly dissected and frozen until CyPG measurement. Core and penumbra (n = 4) from naive rats were used as control. PGD 2 (15d-PGD 2 ) were measured by UPLC-MS/MS, as previously described with some modifications (Miller et al. 2009 ). Samples were homogenized in 0.12 M potassium phosphate buffer (5 mM MgCl 2 and 0.113 mM BHT) and centrifuged. The supernatant was removed and 7.5 ng each of deuterated 15d-PGJ 2 and PGD 2 were used as the internal standard. Samples were loaded onto Oasis HLB solid phase extraction cartridges (Waters, OAsis, Milford, MA) and washed with 1 ml volumes of 5 % methanol before elution with 100 % methanol. Extracts were dried under nitrogen and reconstituted in 125 ll of 80:20 methanol:de-ionized water. Analytes were separated via reverse phase UPLC using an Acquity UPLC BEH C18 1.7 lM, 2.1 9 100 mm column. MS analysis was performed using a Thermo TSQ Quantum Ultra triple quadrupole mass spectrometer (ThermoFisher Scientific Primary neurons were seeded in 10-cm dishes and 15d-PGJ 2 was added to the culture medium to a final concentration of 5 lM at DIV12. Cell culture medium from each plate was collected at 0, 1, 4, 8, and 24 h. The concentration of free 15d-PGJ 2 was measured by UPLC-MS/MS as described above.
Cortical Primary Neuron-Enriched Culture and Treatment
Cortical primary neuron-enriched cultures were prepared from E17 fetal rats (Sprague-Dawley, Charles River, Wilmington, MA) as previously described ) and used for experiments after 9 days in vitro (DIV). Cells were grown in serum-free Neurobasal medium (Invitrogen, Carlsbad, CA) supplemented with B27 and GlutaMAX (Invitrogen). During treatment, the cells were divided into four groups and treated with vehicle (methyl acetate, 0.79 ll/ml cell culture medium), CAY10410 (2.5 lM), or 15d-PGJ 2 (0.5 lM or 2.5 lM) for 24 to 96 h. Cell culture medium freshly prepared with 15d-PGJ 2 , CAY10410, or vehicle was changed twice daily, and the cells were harvested for subsequent experiments at indicated time points. In some experiments, a potent proteasome inhibitor, MG132 (at 10 lM for 16 h), was incubated with primary neurons to serve as a positive control to induce ubiquitinated protein accumulation and cell apoptosis.
Cell Viability Measurement
Cell death was quantitatively assessed indirectly through the MTT cell viability assay according to the manufacturer's protocol. Culture medium was changed twice daily with freshly prepared medium containing 15d-PGJ 2 (0.5 or 2.5 lM), CAY10410 (2.5 lM) or vehicle (methyl acetate, 0.79 ll/ml cell culture medium), to retain stable extracellular concentrations. Cells were treated for 96 h and cell viability was normalized to vehicle control.
Western Blot
Western blots were performed as previously described (Liu et al. 2011) . For Ub-protein detection, cell lysates were resolved on a 4-20 % linear gradient polyacrylamide gel (BioRad, Hercules, CA) before detection with anti-poly-ubiquitinated conjugates antibody (1:1,000). For PARP, caspase-3, UCH-L1, and LC3B protein detection, cell lysates were resolved on 10 or 12 % SDS-PAGE and transferred to PVDF membrane. After blocking with 5 % non-fat milk in TBS/ Tween-20, membranes were incubated with anti-PARP (1:1,000), anti-caspase-3 (1:1,000), or anti-UCH-L1 (1:5,000) antibodies at 4°C overnight. Blots were washed and the appropriate secondary antibodies applied. Protein signal was visualized with ECL reagents (Pierce). Blots were then stripped and re-probed using anti-b-actin antibody as a loading control.
Immunofluorescence and Confocal Microscopy
Fluorescent immunocytochemical staining was performed as previously described (Liu et al. 2011) . Primary neurons Neurotox Res (2013) 24:191-204 193 were seeded on L-poly D-lysine-coated glass coverslips and incubated with 15d-PGJ 2 (2.5 lM), CAY10410 (2.5 lM), or methyl acetate (veh) before fixation. Cells were fixed with either 4 % paraformaldehyde (PFA) in PBS followed by permeabilization with blocking buffer (2 % BSA, 1 % fish skin gelatin, and 0.02 % saponin in PBS) for cleaved caspase-3 staining or with methanol at -20°C for 10 min followed by blocking in 20 % FBS/PBS for ubiquitinated protein detection. Cells were then incubated with anticleaved caspase-3/Asp175 (1:6000), anti-NeuN (1:100), anti-MAP-2 (1:100), anti-ubiquitinated proteins antibody/ FK2 (1:200), anti-LC3B/D11 (1:400), or anti-UCH-L1 antibodies (1:100) and Alexafluor 488 or Dye549 conjugated secondary antibodies. Aggresome and aggresome-like inclusion bodies were detected using a ProteoStat aggresome detection kit (Enzo) following manufacturer's instructions. Confocal images were acquired with a FluoView FV1000 confocal microscope (Olympus, Tokyo, Japan). Activation of caspase-3 and caspase-7 in primary neurons was also evaluated using CellEvent Caspase-3/7 green detection reagent (Invitrogen, Carlsbad, CA) following the manufacturer's protocol. In brief, after 15d-PGJ 2 treatment, cells were incubated with 2 lM caspase-3/7 detection reagent in culture medium for 30 min before fixation with 4 % PFA for 15 min at room temperature. Coverslips were then mounted to slides with Prolong gold anti-fade reagent (Invitrogen) and photographed as described above. Doublestranded DNA breaks in apoptotic cells were detected by terminal deoxynucleotidyl transferase-dUTP nick end labeling (TUNEL) assay (Invitrogen) following manufacturer's directions. Staurosporin (10 lM) -treated cells were included as a positive control.
Preparation of Detergent-Insoluble Fraction from Cell Lysates
The cell lysate detergent-insoluble protein aggregate fraction was prepared as previously described (Zhou et al. 2009 ). In brief, primary neurons were treated with vehicle (methyl acetate), CAY10410 (0.5 or 2.5 lM), or 15d-PGJ 2 (0.5 or 2.5 lM) for 24 h to 96 h. Cells were lysed in radioimmunoprecipitation assay (RIPA) lysis and extraction buffer (Pierce, Rockford, IL) containing 25 mM TrisHCl (pH 7.6), 150 mM NaCl, 1 % NP-40, 1 % sodium deoxycholate, 0.1 % SDS, and protease inhibitor cocktail (Pierce). Cells were incubated with RIPA buffer for 15 min on ice and centrifuged at 16,800 g at 4°C for 15 min. The supernatants were collected and the insoluble pellets were washed twice with cold phosphate-buffered saline (PBS), and then re-suspended in RIPA buffer for 1 h on ice and sonicated for protein solubilization. Protein concentrations were determined by the bicinchoninic acid (BCA) method (Pierce).
20S Proteasome Activity Assay 20S proteasome activity was measured using a Chemicon Proteasome Activity Assay kit following manufacturer's instructions (Millipore, Billerica, MA). Briefly, primary neurons were treated with vehicle (methyl acetate, 0.79 ll/ml cell culture medium), 15d-PGJ 2 (0.5 or 2.5 lM), or CAY10410 (2.5 lM) for 72 h. Cells were then harvested in cell lysis buffer containing: 50 mM Hepes (pH 7.4), 5 mM EDTA, 150 mM NaCl, 1 % Triton X-100, and 2 mM ATP. Protein concentration was measured by the BCA method (Pierce). Cell lysate (50 lg) was incubated with 20S proteasome substrate LLVY-AMC for 2 h at 37°C. Free AMC fluorophore was read using a BioTek Flx800 multi-detection microplate reader (Winooski, Vermont) with k ex 360 nm and k em 460 nm. Relative fluorescence units (RFU) for each sample were recorded as the index of proteasome activity.
Statistical Analysis
Data were analyzed by one-way ANOVA with Fisher LSD post hoc analysis to calculate differences between groups. Results were considered to be significant when P \ 0.05.
Results
The Concentrations of PGD 2 and Its Metabolite CyPGs Are Increased in Rat Brain After Temporary Focal Ischemia via a Cyclooxygenase (COX) Activationdependent Pathway A mass spectrometric (MS) method was developed to detect and quantify PGD 2 and its metabolite J 2 series of CyPGs including 15d-PGJ 2 , PGJ 2 , and D
12
-PGJ 2 in post-ischemic rat brain. Adult male Sprague-Dawley rats underwent 90 min of MCAO with or without pretreatment with the nonselective COX inhibitor, piroxicam. Rats were euthanized 24 h after reperfusion and core infarct and penumbral brain regions were rapidly dissected and eicosanoids were extracted and further purified with UPLC. PGD 2 and its metabolites were measured by UPLC-MS/MS with SRM of the selected product ion fragments of the precursor mass as determined by authentic standards. Concentrations of PGD 2 and its metabolite CyPGs increased significantly after MCAO in ischemic penumbral tissue and were attenuated by pre-treatment with the COX inhibitor piroxicam, suggesting an important role for COX activation in the post-ischemic generation of PGD 2 and CyPGs. The concentration of PGD 2 increased over fourfold 24 h after MCAO in penumbra as compared to naive (465.5 ± 340.4 nM and 102.3 ± 15.1 nM, respectively), diminishing to 146.7 ± 119.7 nM in the piroxicam-treated MCAO rats (Fig. 1) . Similar changes in concentration were observed for free 15d-PGD 2 in penumbra (2.7 ± 0.8 nM in naïve, 43.0 ± 35.8 nM in MCAO vehicle-treated, and 7.8 ± 5.8 nM in MCAO piroxicam-treated rats). More dramatic increases in free CyPGs PGJ 2 , D -PGJ 2 ) in vehicle-treated MCAO rats; similarly, free endogenous [15d-PGJ 2 ] was below detection limits in samples from naïve brain tissue, but was elevated to 155.9 ± 39.2 nM in vehicle-treated rats having undergone MCAO. PGD 2 and its metabolite CyPGs were also induced in samples of post-ischemic core tissue, but to a lesser extent than that of penumbra. These results are the first reports that we are aware of demonstrating significant increases in in vivo concentrations of PGD 2 and its metabolite CyPGs in post-ischemic rat brain by an MS/MS technique.
Because most of the research regarding CyPGs' biologic effects has been performed using in vitro models of cell culture, we initially investigated the stability of 15d-PGJ 2 concentrations in primary neuron-enriched cell culture medium over 24 h. Primary neuronal cells were incubated with culture medium spiked with 5 lM 15d-PGJ 2 . Culture medium samples were assayed at various time points to determine free 15d-PGJ 2 concentrations by UPLC-MS/MS. Free 15d-PGJ 2 concentrations in culture medium decreased rapidly from 5 lM to 3.53 ± 0.13 lM at 1 h, 2.97 ± 0.10 lM at 4 h, 2.66 ± 0.09 lM at 8 h, and 1.25 ± 0.05 lM at 24 h (n = 3). These quantitative data indicate that the concentration of 15d-PGJ 2 decreases significantly in the in vitro system over 24 h, prompting us to modify our CyPG treatment paradigm, thus providing steady long-term extracellular exposure to 15d-PGJ 2 . Endogenous free 15d-PGJ 2 was not detectable in neuronal cultures; however, 15d-PGJ 2 produced within cells in culture may readily diffuse across membranes and be dramatically diluted in medium.
15d-PGJ 2 Induces Neuronal Cell Death Via a Caspase-3-Independent Mechanism
To test the biologic effects of long-term exposure of lowdose CyPGs on neuronal cell viability, primary neuronenriched cultures were incubated with 15d-PGJ 2 for 96 h. Cell culture medium containing freshly added 15d-PGJ 2 was changed twice daily to maintain a steady 15d-PGJ 2 concentration in the culture medium. As shown in Fig. 2 , primary neuronal cell viability decreased slightly, but insignificantly when treated with 0.5 lM 15d-PGJ 2 , and significantly with 2.5 lM 15d-PGJ 2 after 96 h incubation. To determine whether these effects are mediated through a cyclopentenone ring moiety-dependent mechanism, an analog of 15d-PGJ 2 , CAY10410 was used to treat primary neurons. CAY10410 has a structure similar to that of Fig. 1 Brain concentrations of PGD 2 and its metabolite cyclopentenone prostaglandins are increased after middle cerebral artery occlusion (MCAO) in rat in a COX activity-related manner. Rats were treated via oral gavage with vehicle (2 % methyl cellulose) or COX inhibitor piroxicam (30 mg/kg) 1 h prior to MCAO (n = 6 per group; naïve, n = 4). Rats were euthanized 24 h after reperfusion and ipsilateral brains dissected into penumbra and core samples. Free PGD 2 and its metabolites in each infarct area were detected and quantified by UPLC-MS/MS. Pir: piroxicam; Veh: vehicle; NS: not significant. *P \ .05; & not detected. Data are mean ± SD 15d-PGJ 2 , but lacks the reactive cyclopentenone ring while retaining PPARc ligand activity. Treatment with 2.5 lM CAY10410 for 96 h did not reduce neuronal cell viability significantly as compared to vehicle control, suggesting the cyclopentenone ring structure is important for 15d-PGJ 2 toxicity. However, toxic effects of 15d-PGJ 2 using this in vitro dosing paradigm are not manifested until 96 h after treatment; no significant decrease in viability was observed in cells when treated with either 0.5 or 2.5 lM 15d-PGJ 2 for 24, 48, or 72 h (data not shown).
The above data indicate that 15d-PGJ 2 concentrations decrease rapidly in cell culture medium and that multiple treatments with low molarity 15d-PGJ 2 induce primary neuronal cell death through a cyclopentenone ring structuredependent mechanism. Previous studies suggest the minimum concentration for a single dose of 15d-PGJ 2 to induce in vitro neuronal cell death is 10 to 20 lM , Liu et al. 2011 ; however, here, we report that the toxic effects of 15d-PGJ 2 on primary neurons can be observed at a concentration of 2.5 lM when using a dosing paradigm involving replacing the medium twice daily. Because persistent over-generation of 15d-PGJ 2 and other CyPGs can occur under many pathological conditions in the brain (Pierre et al. 2009 ), subsequent studies were performed changing medium twice daily in an effort to maintain a more steady-state extracellular concentration of 15d-PGJ 2 .
To examine the role of apoptosis in 15d-PGJ 2 -induced cell death, Western blots and immunocytochemistry were used to detect activation of caspase-3 and poly ADP-ribose polymerase (PARP) cleavage. TUNEL staining was used to detect apoptotic DNA fragmentation. Culture medium containing methyl acetate (vehicle), 15d-PGJ 2 (0.5 or 2.5 lM), or CAY10410 (0.5 or 2.5 lM) was changed twice daily for 24 to 96 h. As shown in Fig. 3a , neither 15d-PGJ 2 nor CAY10410 significantly induced caspase-3 or PARP cleavage. In addition, there were no differences in full length caspase-3 or PARP expression levels between 15d-PGJ 2 , vehicle, or CAY10410-treated groups. Consistent with Western blot results, immunocytochemical detection of cleaved caspase-3 indicated no increase in cleaved caspase-3 positive cells in neurons treated with 2.5 lM 15d-PGJ 2 for 48 h as compared to vehicle control. MG132, a proteasome inhibitor reported to induce cell apoptosis via caspase-3 activation, was used as a positive control (Janen et al. 2010; Zhou et al. 2009 ). As shown in Fig. 3b (upper  panel) , cleaved caspase-3 positive cells were visible only in primary neurons treated with MG132 (10 lM) for 16 h.
Caspase-3 activation and apoptosis were further investigated in primary neurons using a fluorogenic substrate for activated caspase-3/7 and TUNEL assay. Primary neurons were treated with 2.5 lM 15d-PGJ 2 or vehicle for 72 h, while 16-h incubation with 10 lM MG132 or staurosporin was used as a positive control. 15d-PGJ 2 did not induce activation of caspase-3/7 (Fig. 3b, middle panel) or result in apoptosis as indicated by TUNEL when compared to vehicle control (Fig. 3b, lower panel) . Taken together, neuronal necrotic cell death, but not caspase-3 activationmediated apoptosis, is likely to be the major mechanism for 15d-PGJ 2 -induced cell death in primary neurons.
15d-PGJ 2 Increases Ubiquitinated Protein Accumulation and Aggregation
Previous work has shown that CyPG-induced cell toxicity is usually associated with increased Ub-protein levels in the cell (Myeku and Figueiredo-Pereira 2011; Li et al. 2004b; Wang and Figueiredo-Pereira 2005; Arnaud et al. 2009; Liu et al. 2011) . To further detect the effects of continuous lowdose 15d-PGJ 2 treatment on Ub-protein accumulation and aggregation, rat primary neurons were treated with vehicle (methyl acetate), CAY10410 (0.5 or 2.5 lM) or 15d-PGJ 2 (0.5 or 2.5 lM) for 96 h. Cells were harvested and cell homogenates were separated into RIPA buffer-soluble and RIPA buffer-insoluble fractions. As shown in Fig. 4a , treatment of primary neurons with 15d-PGJ 2 resulted in a dose-dependent increase in the accumulation of RIPA-soluble Ub-proteins as compared to vehicle control. Interestingly, a robust increase in high molecular weight Ubproteins was detected in RIPA-insoluble fractions from 15d-PGJ 2 -treated primary neurons compared to those from vehicle-treated neurons and CAY 10410 (Fig. 4b) . Collectively, these data suggest that 15d-PGJ 2 induces Ub-protein accumulation and aggregation in neuronal cells after 96 h continuous exposure to 15d-PGJ 2 . Because CAY10410 lacks the reactive cyclopentenone ring in the 15d-PGJ2 structure, the above data indicate that the effect of 15d-PGJ 2 Fig. 2 The cyclopentenone prostaglandin 15d-PGJ 2 induces cell death through a cyclopentenone ring moiety-dependent mechanism. Primary neuronal cells were treated with vehicle (Veh), CAY10410 (CAY, 2.5 lM), or 15d-PGJ 2 for 96 h. Cell viability was measured by the MTT assay. n = 54-72 wells per group (4 plates run on 2 experimental days). *P \ 0.001. Data are mean ± SE on Ub-protein accumulation and aggregation relies on protein modifications via its cyclopentenone ring structure.
To observe the distribution of Ub-proteins in neuronal cells after exposure to 15d-PGJ 2 , immunocytochemistry was performed using primary neurons treated with vehicle, CAY10410 (2.5 lM), or 15d-PGJ 2 (2.5 lM) for 24 and 72 h. As shown in Fig. 4c , the distribution of Ub-proteins in the neuron was dramatically altered after 72 h of 15d-PGJ 2 treatment; Ub-proteins were distributed evenly throughout the cytoplasm and were seen as small discrete punctate structures in vehicle and CAY10410-treated neurons, while large perinuclear Ub-protein-positive aggregates were frequently observed in 15d-PGJ 2 -treated neurons and MG132-treated cells (positive control). Time-course formation of punctuate Ub-protein aggregates was seen after 24 h of 15d-PGJ 2 treatment, while the accumulation of larger clumped Ub-protein structures in the cytoplasm were not observed until 72-h incubation with 15d-PGJ 2 (Fig. 4d) . Fig. 3 15d-PGJ 2 induces primary neuronal cell death via a caspase-3 independent mechanism. Cells were treated with vehicle (Veh, methyl acetate), CAY10410 (CAY), 15d-PGJ 2 for 24-96 h. Pro-apoptosis reagents, MG132 and staurosporin, were incubated with primary neurons at 10 lM for 16 h as positive controls. a Caspase-3 and PARP cleavage: cells were harvested and immunoblotted using anticaspase-3 and anti-PARP antibodies. b-Actin was used as a loading control. Full full length protein; Clvd cleaved. b Representative immunocytochemical photos of rat primary neurons after treatment with Veh or 2.5 lM 15d-PGJ 2 . Upper panel cleaved caspase-3 was detected using anti-cleaved caspase-3 antibody (green) and anti-NeuN (red) antibodies (48 h after treatment). Middle panel activated caspase 3/7 was detected using a fluorogenic substrate for activated caspase-3 and caspase-7 (green, 72 h after treatment). Lower panel Double-stranded DNA breaks were detected using TUNEL (green, 72 h after treatment). All photos: 609 using a confocal microscope; scale bar = 40 lm. Blue is DAPI nuclear stain Neurotox Res (2013) 24:191-204 197 Fig. 4 Ubiquitinated proteins accumulate and aggregate in primary neurons after chronic treatment with 15d-PGJ 2 . a, b Cells were incubated with Vehicle (Veh, methyl acetate), CAY10410 (CAY), or 15d-PGJ 2 for 96 h (n = 3 per group) then harvested with RIPA buffer. Both RIPA-soluble and -insoluble fractions were collected. Poly-ubiquitinated proteins were detected by Western blot using an anti-poly-ubiquitinated conjugates antibody. Poly-ubiquitinated proteins were quantified and normalized to vehicle-treated groups. a RIPA-soluble fraction. b RIPA-insoluble fraction. Data are mean ± SE. *P \ 0.05. c Detection of ubiquitinated protein by immunocytochemical staining using anti-ubiquitinated proteins (red) and anti-MAP-2 (green) antibodies. Primary neurons were treated with vehicle (Veh), 2.5 8 lM CAY10410, or 2.5 lM 15d-PGJ 2 for 72 h. MG132 (10 lM, 16 h incubation), a protease inhibitor, was used as a positive control. Blue is DAPI nuclear stain. Photos are at 2409. d Primary neurons were treated with vehicle (Veh) or 2.5 lM 15d-PGJ 2 for 24 or 72 h prior to fixation and immunocytochemical staining with anti-ubiquitinated proteins antibody (green). Photos are at 609 and 2409. All photos: scale bar = 25 lm 15d-PGJ 2 Impairs Proteasome Activity Without the Activation of Autophagy
The removal of Ub-proteins in cells relies mainly on two major systems: the UPS and the autophagy-lysosome system (Rubinsztein 2006) . The 26S proteasome is composed of a ''gatekeeper'' 19S cap subunit and a 20S proteasome core, where substrate degradation occurs (Lehman 2009 ).
To evaluate the effects of sustained 15d-PGJ 2 treatment on neuronal UPS function, a 20S proteasome activity assay was performed using primary neurons treated with vehicle, CAY10410 (2.5 lM), or 15d-PGJ 2 (0.5 or 2.5 lM) for 72 h. Treatment with 15d-PGJ 2 for 72 h significantly inhibited 20S proteasome activity in a dose-dependent manner compared to vehicle control (Fig. 5a ). Furthermore, because the inhibitory effect of 15d-PGJ 2 on proteasome activity is absent in cells treated with CAY10410, this suggests that the inhibition of proteasome substrate degradation is reliant on the cyclopentenone ring structure. In response to Ub-protein accumulation, cells can also protectively activate autophagy to enhance lysosomal degradation (Banerjee et al. 2010 ). To evaluate the direct effect of 15d-PGJ 2 treatment on primary neuronal autophagy, primary neurons were treated with vehicle or 15d-PGJ 2 (0.5 or 2.5 lM) for 72 and 96 h, and Western blot and immunocytochemistry were performed to detect the autophagy marker LC3B. During autophagy, cytosolic light chain 3-I (LC3-I) is converted to LC3-II by phosphatidylethanolamine conjugation, which can be used as an index of autophagy (Lee et al. 2010) . As shown in Fig. 5b , conversion of autophagy marker LC3B-I to LC3B-II in 15d-PGJ 2 -treated neurons is similar to that of the vehicletreated group, suggesting that 15d-PGJ 2 does not significantly induce autophagy activation.
In addition to the formation of autophagosomes for the degradation of misfolded proteins in lysosomes, cells might also protectively form aggresomes to sequester toxic Ubprotein aggregates (Olzmann et al. 2008) . To confirm the effect of 15d-PGJ 2 on neuronal autophagy and to explore its effect on aggresome formation, primary neurons were incubated 96 h with 15d-PGJ 2 vehicle or the positive control MG132 (16 h incubation). Cells were immunostained with anti-LC3B antibody to identify autophagosomes and ProteoStat aggresome dye for aggresome detection (Fig. 5c) .
Consistent with previous reports (Zhou et al. 2009 ), MG132 treatment induced significant aggresome formation and co-localization with the autophagosome marker LC-3B. In contrast, 96 h treatment with 2.5 lM 15d-PGJ 2 Fig. 5 Long-term treatment of primary neuronal culture with 15d-PGJ 2 impairs proteasome activity without autophagy activation. a Proteasome activity 72 h after treatment with vehicle (Veh), CAY10410 (CAY) or 15d-PGJ 2 normalized to the vehicle-treated group. Data are mean ± SE. n = 8 per group. *P \ 0.01 versus Veh. b Cells were treated with vehicle or 15d-PGJ 2 for 72 or 96 h, or 10 lM MG132 (MG, positive control, 16 h treatment). Lysates were then immunoblotted with anti-LC3B antibody. b-actin was used as a loading control. c Primary neurons were treated with Veh, 2.5 lM 15d-PGJ 2 for 96 h or MG for 16 h and then fixed with formalin and immunostained using anti-LC3B antibody (green). Aggresomes were detected using a ProteoStat aggresome detection kit (red). Blue is DAPI nuclear stain. Photos are 1809 taken using an Olympus confocal microscope; scale bar = 20 lm Neurotox Res (2013) 24:191-204 199 induced very little autophagosome or aggresome formation even though significant Ub-protein accumulation and aggregation were detected by Western blot under these conditions.
15d-PGJ 2 Modifies Endogenous Neuronal Proteins Including UCH-L1 and Induces UCH-L1 Aggregation
The above data demonstrate that 15d-PGJ 2 impairs the neuronal UPS and induces Ub-protein accumulation through a cyclopentenone ring moiety-dependent mechanism, which suggests that protein modification by 15d-PGJ 2 could be the underlying mechanism for these cytotoxic effects. To test this hypothesis, primary neurons were treated with 2.5 lM biotinylated 15d-PGJ 2 (b-15d-PGJ 2 ) for 24 to 72 h. Cell lysate protein bands and a characteristic protein smear representing b-15d-PGJ 2 -modified endogenous proteins were evident in b-15d-PGJ 2 -treated neuronal samples, but not in vehicle control (Fig. 6a) . Furthermore, biotin signals representing 15d-PGJ 2 -adducted proteins increased in a time-dependent manner from 24 to 72 h, suggesting the accumulation of 15d-PGJ 2 -modified proteins in neurons after long-term exposure to low-dose 15d-PGJ 2 . To evaluate the relationship between 15d-PGJ 2 -modified proteins and accumulated Ub-proteins, immunocytochemistry was performed on primary neurons treated with 2.5 lM b-15d-PGJ 2 for 24 h. As shown in Fig. 6b , b-15d-PGJ 2 treatment also induced Ub-protein accumulation as compared to the vehicle control group. In addition, b-15d-PGJ 2 -modified proteins extensively co-localized with Ub-proteins in the cytoplasm of primary neurons, suggesting that 15d-PGJ 2 -modified proteins might be a major source of excessive Ub-protein generation in 15d-PGJ 2 -treated primary neurons. UCH-L1, an abundant protein constituting about 2 % of total soluble proteins in the brain, was previously reported to be a modification target of 15d-PGJ 2 in the primary neuron (Liu et al. 2011 ). Our previous work has shown that modification of 15d-PGJ 2 results in unfolding of the protein structure and the loss of hydrolase activity of UCH-L1 (Koharudin et al. 2010; Liu et al. 2011) . Since UCH-L1 is a component in abnormal protein aggregates found in Lewy bodies in Parkinson's disease and neurofibrillary tangles in Alzheimer's disease, we hypothesized that UCH-L1 also participates in 15d-PGJ 2 -induced Ub-protein aggregations (Choi et al. 2004 ). To test this hypothesis, primary neurons were treated with 15d-PGJ 2 (0.5 and 2.5 lM) for 96 h. Both RIPA-soluble and -insoluble fractions were collected and UCH-L1 levels in each fraction were determined by Western blot. As shown in Fig. 6c, 15d -PGJ 2 treatment resulted in reduced UCH-L1 levels in the soluble fraction and increased UCH-L1 levels in the insoluble fraction, indicating that UCH-L1 is present in protein aggregates in 15d-PGJ 2 -treated primary neurons.
Furthermore, immunocytochemistry with 15d-PGJ 2 -treated primary neurons revealed that UCH-L1 is a component in 15d-PGJ 2 -induced Ub-protein aggregates. In this experiment, primary neurons were treated with vehicle, CAY10410 (2.5 lM), or 15d-PGJ 2 for 96 h. UCH-L1 (red) and Ub-proteins (green) were distributed evenly throughout the cytoplasm in control neurons with very limited colocalization between the two proteins. A similar distribution pattern of UCH-L1 and Ub-proteins was also detected in neurons treated with CAY10410. Conversely, clustered perinuclear aggregates containing both UCH-L1 protein and Ub-proteins were detected in 15d-PGJ 2 -treated neurons, exhibiting extensive co-localization (Fig. 6d) . Taken together, 15d-PGJ 2 decreases UCH-L1 solubility and enhances its aggregation in primary neurons via its cyclopentenone ring structure; UCH-L1 is a component of Ubprotein aggregates induced by treatment with 15d-PGJ 2 .
Discussion
The major novel findings of this study are (1) This study is the first to use the highly sensitive and specific UPLC-MS/ MS technique to characterize the concentrations of all of the free J 2 -series CyPGs in different regions of rat brain after temporary focal ischemia. In addition to 15d-PGJ 2 , the concentrations of the CyPGs PGJ 2 and D 12 -PGJ 2 are elevated in rat brain after temporary focal ischemia and 15d-PGJ 2 is the most abundant J 2 -series CyPG present in post-ischemic rat brain; (2) CyPG formation primarily depends upon COX activity: CyPG production is abrogated when rats are pretreated with the COX inhibitor piroxicam; (3) [CyPGs] are greatest in the penumbral cortex where ischemia is incomplete. The concentration of free 15d-PGJ 2 is about 160 nM in the penumbra 24 h post-ischemia, which is approximately three times higher than that in the core region, and 7 times higher than whole hemisphere as reported previously (Liu et al. 2011) ; (4) The cytotoxic effects of 15d-PGJ 2 on neuronal cells are cumulative as these effects (cell death and excess Ub-protein aggregation) were observed at lower doses, but required a longer incubation time, indicating an important role for CyPGs in chronic inflammation-related neurodegeneration; and (5) using a detergent-rich RIPA buffer to collect both detergent-soluble and -insoluble fractions, 15d-PGJ 2 was found to induce both Ub-protein accumulation and aggregation in primary neurons; this effect was related to over-generation of Ub-proteins due to protein misfolding and impaired Ub-protein degradation caused by decreased proteasome activity and failed induction of compensative autophagy. The above findings provide important new evidence to support the physiologic and pathological relevance of CyPGs in the pathogenesis and progression of many neurologic disorders, Fig. 6 Continuous incubation with 15d-PGJ 2 modifies endogenous neuronal proteins and increases protein aggregates. a-b Rat primary neurons were treated with biotinylated (b-) 15d-PGJ 2 or vehicle (Veh). a b-15d-PGJ 2 adducts to endogenous proteins in primary neurons after treatment for 24-72 h. Cell lysates underwent SDS-PAGE and biotin-incorporated proteins (b-proteins) were detected using HRP-conjugated streptavidin (upper). b-actin was used as a loading control (lower). b Immunocytochemical detection (609, inset 2409) of ubiquitin and b-15d-PGJ 2 using anti-ubiquitin conjugates (Ub-conjugates, green) and anti-biotin (red) antibodies. Blue is DAPI nuclear stain. Scale bar = 60 lm; inset = 20 lm. c UCH-L1 aggregates in primary neurons after 15d-PGJ 2 treatment. Primary neurons were harvested with RIPA buffer 96 h after treatment with 15d-PGJ 2 or vehicle. RIPA-soluble (upper) and -insoluble (lower) fractions were collected, and UCH-L1 was detected by western blot with anti-UCHL-1 antibody and quantified. Graphs are mean ± SE normalized to vehicle. n = 3 per group. *P \ 0.05 versus vehicle. d Immunocytochemical staining (1809) of rat primary neurons 96 h after incubation with vehicle, 2.5 lM CAY 10410, or 2.5 lM 15d-PGJ 2 . UCHL-1 and ubiquitinated proteins were visualized with anti-UCHL-1 (red) and anti-ubiquitinated conjugates (Ub-conjugates, green) antibodies, respectively. Blue is DAPI nuclear stain. Scale bar = 20 lm. Photos (b, d) were taken using an Olympus confocal microscope Neurotox Res (2013) 24:191-204 201 as chronic inflammation, excess Ub-protein aggregation, and cell death have long been considered as important factors contributing to secondary post-ischemic injury and many neurodegenerative diseases such as Parkinson's and Alzheimer's diseases. Brain concentrations of prostaglandins are increased after cerebral ischemia due to the release of free arachidonic acid via activation of phospholipase A2 and induction and activation of COX-2 (Nakayama et al. 1998; Lin et al. 2006; Li et al. 2008; Perez-Sala 2011) . PGD 2 is the most prevalent prostaglandin found in brain and its concentration is also dramatically increased after cerebral ischemia (Uchida and Shibata 2008) . Shibata et al. (2002) showed that PGD 2 is spontaneously converted to CyPGs by an enzyme-independent mechanism. Thus, it is not surprising that there are increased concentrations of CyPGs found in the rat brain after ischemia. In this study, we found the concentration of free 15d-PGJ 2 to be significantly greater in brain infarct penumbral tissue, which has the highest level of COX-2 induction, than in our previous data from whole rat hemisphere after MCAO (Liu et al. 2011) . It is noteworthy that the tissue concentrations of 15d-PGJ 2 detected in the current experiments are much less than those required to elicit significant in vitro effects. However, direct comparison of in vitro to in vivo concentrations is problematic. Concentrations of CyPGs at specific sites of action within the cell may be even higher than the average tissue concentration. Furthermore, in the current study we also measured concentrations of PGJ 2 /D 12 -PGJ 2 and 15d-PGD 2 in penumbral tissue, and found that these prostaglandins are also increased after MCAO. The total tissue concentration for each species of CyPG was on the order of 0.1 lM. Other CyPGs such as the PGE 2 metabolite PGA 2 and the isoprostane prostaglandins may also be produced in postischemic brain (Musiek et al. 2006; Gharbi et al. 2007; Brooks et al. 2008 ), but were not measured in this study. CyPGs are highly reactive compounds that may interact with cysteine sulfhydryl groups in glutathione (GSH) and other peptides and proteins (Perez-Sala 2011). Brunoldi et al. (2007) showed that CyPGs are formed in liver in response to oxidative stress, but rapidly react with GSH to form stable adducts. Additional experiments are necessary to quantify these important adducts in vivo. Thus, the measured concentration of free CyPGs in brain may not reflect the overall production of these compounds since they can rapidly adduct to GSH and other nucleophiles.
Whether CyPGs are toxic or protective in cerebral ischemia in vivo remains controversial. CyPGs such as 15d-PGJ 2 are known to have potent anti-inflammatory effects, and thus may be protective in many injury paradigms; however, they also may produce toxicity and cell death (Rohn et al. 2001; Kondo et al. 2002; Xiang et al. 2007 ). The protective effects of CyPGs are believed to be mediated via activation of anti-inflammatory pathways including those modulated by PPARc. PPARc-mediated effects may be important in the endothelial and microglial response to ischemia; however, our in vitro primary neuronal cell culture system does not include these cellular components. A number of previous studies have found that CyPGs are toxic to neurons and other cell types including neuron-like cell lines (Li et al. 2004a, b; Xiang et al. 2007 ). These studies have generally employed significantly higher concentrations of CyPGs, typically in the 20 to 50 lM range. Since free CyPG concentrations rapidly decline in culture media, such high single doses may be necessary to maintain toxic levels for extended periods of time. Accordingly, we maintained lower doses of 15d-PGJ 2 in the medium through frequent changes of medium and found that this paradigm produced toxicity. Previous studies have also found that CyPGs may induce cell death via apoptotic pathways Nencioni et al. 2003; Saito et al. 2003; Xiang et al. 2007 ) although many of these studies employed immortal cell lines that have significantly different cell death pathways than primary neurons. In the current study, chronic exposure to 15d-PGJ 2 induced cell death in neurons, but did not activate caspase-3 or induce TUNEL staining. These results suggest that chronic low level exposure to 15d-PGJ 2 induces cell death in neurons by non-apoptotic mechanisms.
CyPGs have a number of other mechanisms by which they may produce toxicity in cells. Subchronic injections of 15d-PGJ 2 into the striatum of rats produced accumulation of ubiquitin and a-synuclein protein aggregates similar to those found in sporadic Parkinson's disease (Pierre et al. 2009 ). CyPGs disrupt the trafficking and processing of Ubproteins resulting in the accumulation of Ub-proteins into cytosolic aggregates (Wang and Figueiredo-Pereira 2005; Wang et al. 2006 ). This may occur as a result of modification of cytoskeletal elements, including actin, by CyPGs resulting in the collapse of the cytoskeleton and the endoplasmic reticulum . Other data suggest that CyPGs may bind to the 19S regulatory subunit of the proteasome and directly inhibit proteasome function, resulting in the accumulation of Ubproteins (Ishii et al. 2005) . Autophagy may also play a role in removing aggregated Ub-proteins from the cell. Autophagy may protect the cell from excessive accumulation of Ub-proteins by either degrading the proteins in lysosomes or sequestering the proteins in aggresomes (Banerjee et al. 2010; Zhou et al. 2009 ). Thus, failure of autophagy could also contribute to toxicity produced by excessive Ub-proteins. The current data demonstrate that 15d-PGJ 2 treatment results in accumulation of Ub-proteins in primary neurons. Confocal microscopy shows that the Ub-proteins accumulate in a similar perinuclear clumped pattern as described by in SK-N-SH cells. 15d-PGJ 2 treatment partially inhibited proteasome activity, but had no effect upon LC3-I/ LC3 II conversion or any detectable effect upon aggresome formation. These data suggest that 15d-PGJ 2 inhibits proteasome activity without activation of autophagy.
CyPGs may modify a number of other proteins that have important effects on cell function and survival, including UCH-L1 (Perez-Sala 2011, Liu et al. 2011) . UCH-L1, also known as PARK5, is mutated in a form of familial Parkinson's disease (Andersson et al. 2011 ). Loss of UCH-L1 activity has also been implicated in the pathogenesis of memory loss in Alzheimer's disease (Lombardino et al. 2005 , Gong et al. 2006 . CyPGs covalently modify UCHL1 in vitro, resulting in unfolding of the protein and the formation of high molecular weight aggregates (Koharudin et al. 2010; Liu et al. 2011) . Neuronal UCH-L1 hydrolase activity is inhibited by treatment with 15d-PGJ 2 , and inhibition of UCH-L1 activity exacerbates hypoxic neuronal death (Liu et al. 2011) . UCH-L1 is found within aggresomes associated with Parkinson's and other neurodegenerative diseases (Choi et al. 2004 ). Loss of UCH-L1 activity may contribute to hypoxic neuronal cell death (Liu et al. 2011 ). In the current study, we found that continuous low-dose 15d-PGJ 2 treatment resulted in a perinuclear accumulation of Ub-proteins that colocalize with UCH-L1. We also found that treatment with 15d-PGJ 2 resulted in an increased level of UCH-L1 in the detergent-insoluble fraction of neuronal cell lysates, consistent with the notion that CyPGs bind to UCH-L1 and result in the formation of insoluble protein aggregates (Koharudin et al. 2010 , Liu et al. 2011 . These studies suggest that the binding of CyPGs and other oxidized lipids to UCH-L1 could be important in the pathogenesis of neurodegenerative diseases and stroke.
